Introduction
1 Biomass burning (BB) events are an important source of many trace gases and particles in the 2 atmosphere [Crutzen et al., 1979; Crutzen and Andreae, 1990; Goode et al., 2000; Andreae and 3 Merlet, 2001,] . The signature of BB emission in a plume detected far away from the fire is usually 1 to identify a BB plume. In the assembly of the BORTAS data analysis, different procedures have 2 been applied. Palmer et al. (2013) identified a threshold for each of these species that would separate 3 air masses produced during boreal BB from background air masses; they defined a BB plume when 4 the CO, hydrogen cyanide (HCN) and acetonitrile (CH3CN) levels are higher than 148 ppb, 122 ppt 5 and 150 ppt, respectively. These thresholds correspond to the 99 th percentile (~mean±3σ) of the data 6 for the species measured during the flight B625, in which there was not a significant correlation 7 between the CO and the CH3CN. In the context of the BORTAS campaign, Lewis et al. (2013) They identified a BB plume using a standard deviation (σ) method applied to the 1 Hz HCN 13 measurements: when the HCN concentrations were 6σ above the background for the flights in 14 analysis, they flagged the air mass as a BB plume. The 6σ threshold was chosen since it produces the 15 highest R 2 values for the correlation between the HCN and the CO. For other experiments different 16 methods for the BB plumes identification have been suggested: 1) Holzinger et al. (2005) used a 17 method similar to that used by Le Breton et al. (2013) ; their results highlighted a good correlation 18 between acetonitrile (CH3CN) and CO and they identified BB plumes by significant peaks in the 19 CH3CN volume mixing ratio (using a threshold of 3σ above the background level); 2) Vay et al. 20 (2011) identified a plume when CO > 160 ppb (the median observed CO concentration at the surface), Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -45, 2016 Manuscript under review for journal Atmos. Meas. Tech. Published: 21 March 2016 c Author(s) 2016. CC-BY 3.0 License.
fire season in Canada. Further details about this project can be found in Palmer et al. (2013) and at 1 http://www.geos.ed.ac.uk/research/eochem/bortas/.
2 In our analysis of the BORTAS aircraft measurement data, we found a good correlation between the 3 ∑PNs and CO, suggesting the potential of ∑PNs as pyrogenic tracer to discriminate the BB plumes.
4
Therefore, in this work we propose two different methods to use the ∑PNs as BB tracer: a statistical 5 approach using the 6σ threshold and the 99 th percentile of the ∑PNs calculated for the B625 flight. 6 We evaluated all of the methods described above to our dataset to compare the results of different 7 methods to identify BB plumes. We show also that, in some cases, the introduction of meteorological 8 parameters, which take into account of the air masses vertical position in the atmosphere, 9 discriminates better the origin of the air masses and, then, helps to select more precisely a BB plume.
10
Finally, in order to refine the method we adapted an artificial neural network model and we used it to 11 simulate the ∑PNs and the HCN in two different procedures to BB plume identification: 1) using as 12 inputs the CO, NO, CH3CN; 2) adding to the inputs also the pressure. Gerbig et al. (1999) . NO was measured 32 using a single-channel chemiluminescence instrument manufactured by Air Quality Design, Inc.
33
Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -45, 2016 Manuscript under review for journal Atmos. Meas. Tech. Finally, a chemical ionisation mass spectrometer (CIMS) was used for measuring hydrogen cyanide 10 (HCN) from biomass burning events (Le Breton et al., 2013) . species suggests that the ∑PNs also originated at the same boreal biomass burning source and that it 10 can be used as additional chemical species for the identification of the BB plumes. As described in the introduction, recently different compounds (CO, HCN or CH3CN) and different 1 concentrations thresholds have been introduced as tracers to establish if the air mass monitored is 2 affected by forest fire emissions or not. These methods are summarized in Table 2 .
3 Table 2 . Methods to identify BB plumes. In our analysis we tested the use of the concentration profiles of ∑PNs as possible identifier of BB 6 plumes. We applied two different methods: 1) evaluating the 99 th percentile of the ∑PNs 7 concentrations measured during the background flight B625 (as done by Palmer et al., 2013) and 8 using this value as threshold to distinguish air masses emitted by fires; 2) applying the statistical 9 approach (σ method). In the first case, we calculate the 99 th percentile of the 1 second ∑PNs data 10 sampled during the B625 finding a threshold of 418 ppt. In the second case, first we selected the parts 11 of each flight identifiable as background and, then, we evaluated for these data the mean and the 12 standard deviation of the ∑PNs; after that, we identified as BB plumes the parts of each flight in 13 which the difference between ∑PNs concentrations and the background level were higher than 6 14 standard deviations of the background. This threshold has been evaluated calculating the correlation 15 coefficients between the ∑PNs and the CO varying the sigma threshold between 10σ and 3σ for each 16 flight in which the ∑PNs showed evident and clear plumes (such as B622 and B623): we found that 17 the maximum R occurred when we selected the BB plume using the 6σ threshold. In Table 3 are 18 summarized the correlation coefficients R and the percentage of flight selected as BB plume obtained 19 for all the flights in analysis using both the methods just described. Moreover, we indicated the 20 percentage of flight identified as BB plume applying all the methods listed in Table 2 to our dataset. Figure 2 shows the scatter plot between the ∑PNs and the CO for the flights B621a, B622 and B623: The fact that the two distinct trends of the flight B623 are separable by the 6σ method of the ∑PNs 14 and by pressure, suggests that the air masses sampled at different altitude are originated by different 15 sources, and the smaller correlation (R = 0.31) between ∑PNs and CO for pressure above 750 hPa, 16 supports the hypothesis that they are not impacted by BB emission. To prove this thesis, we evaluated Figure 4 shows the black-trajectories of air masses sampled at pressure higher than 750 hPa (black 20 points) or lower than 750 hPa (grey points): a different origin is clearly identifiable. In particular, air 21 masses collected at lower altitudes (P > 750 hPa) come from the northern region of the Canada and 22 the altitude of provenience increases the further back the trajectory goes and decreases in the last 23 three days of simulation (Figure 4d) ; on the contrary the air masses corresponding to P < 750 hPa originated in the South-West region of the Canada (e.g., Alberta, Saskatchewan,…) and in the North- Finally, we evaluated the qualitative age of the air masses sampled during the B623 flight: using the 8 ratio between the NOx (sum of the TD-LIF NO2 and the chemiluminescence NO measurements) and 9 the total NOy (measured by the TD-LIF and the calculated as sum of NOx and its oxidation products),
10
we observed that the air masses sampled at P < 750 hPa are younger respect those sampled at higher 11 pressure confirming that the air masses identifiable by the pressure are distinct not only for their 12 sources (and provenience), but also for the age.
13
Considering what has been highlighted analysing the double trends in the CO vs ∑PNs plot of the 14 B623, we examined in depth the correlation between the CO and the ∑PNs for all the flights and we 15 found that also other flights show similar trends: in fact, B621a and the B622 show two different 16 trends that can be distinguished using a pressure threshold of 700 hPa (figure not shown). Moreover, 17 we did the same analysis also for the HCN: we found that for the B621a, B622 the scatter plot (plotting In order to refine the methods to discriminate the BB plumes and better understand the origin of the Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -45, 2016 Manuscript under review for journal Atmos. Meas. Tech. Published: 21 March 2016 c Author(s) 2016. CC-BY 3.0 License.
interested by fires or not), as explained in Section 3. We carried out two different simulations: a) we 1 used as input for the neural network only the O3, CO, NO and CH3CN (case A); b) we used as input 2 the O3, CO, NO, CH3CN and the pressure (case B). In this way, we evaluated if and how the 3 simulations of the ∑PNs and the HCN change by adding a physical parameter to the inputs, therefore 4 taking into account the position of the air masses (that is the altitude of the aircraft during the flights). Figure 6 ). Moreover, it is clear 14 also that the correlation coefficients between the ∑PNs measured and the ∑PNs simulated increase 15 adding the pressure to the inputs (these results are highlighted in grey in Table 4 , 2015) : the fractional bias (FB), the normalized mean squared error (NMSE) and the factor of 2 22 (FA2). The results are summarized in Table 4 . The FB is calculated as the ratio between the difference 23 of the mean observed and the mean modelled concentrations and their mean; it indicates the systemic 24 errors that can entail a bias between the modelled and the measured data and can range between -2 25 (overestimation) and +2 (underestimation): an ideal model has an FB index of 0. The NMSE is the 26 result of the ratio between the mean of the squared difference between the observed and the modelled 27 concentrations and the sum of their mean; it gives information about the total errors of the models 28 and the best value is 0 (as the NMSE decreases approaching 0, the model performance increases).
29
Finally, the FA2 is the percentage of the simulated data for which the ratio between the observed and HCN (panel a) ), the simulated ∑PNs (panel b)) and the CO for the B622 and 5 between the simulated ∑PNs and CO for the B622 (panel a)) and the B623 (panel b)). The measured ∑PNs during the BORTAS aircraft campaign show a good correlation (R varying 2 between ~0.80 and ~0.95) with CO for different flights. We used ∑PNs as BB tracers applying two 3 different methods to select a BB plumes: 1) we defined a threshold of 6σ of ∑PNs concentration for 4 each flights and all the data that are 6σ times higher than the background level have been selected as 5 BB plume; 2) evaluating the 99 th percentile of the ∑PNs measurements done during the B625 flight 6 (considered a background flight not affected by BB plumes). Moreover, we applied several methods 7 present in the literature to our dataset to compare with the proposed ∑PNs methods and we calculated 8 the percentage of flight classifiable as BB plume; we found that all the methods identified four flights 9 with evident and significant percentage of BB plumes intercepted. Therefore for most of the flights 10 the ∑PNs methods can be an alternative to identify BB. Moreover, we found that in some flights the 11 scatter plot between the ∑PNs and the CO (or the HCN and the CO) shows different slopes 12 identifiable by a pressure threshold, suggesting different regimes between these species that is 13 different air masses. The dependency of these slopes by the pressure suggested that the air masses 14 sampled could be spatially (vertically) different and that their origins could be different. Analysing 15 the back-trajectories, as expected, we found that the air masses were not all originated by biomass 16 burning and that those at lower pressure (i.e. higher altitude) reach Nova Scotia from the clean 17 northern region of the Canada. In order to refine the method we adapted an ANN model simulating 18 the ∑PNs and the HCN in two different ways: 1) using only the CO, NO and CH3CN as inputs; 2) 19 adding also the pressure to the inputs. We found that the model results improve in the second case.
20
In conclusion, we suggest that the ∑PNs can be used as BB tracer for the identification of BB plumes; 21 moreover, as consequence of the ∑PNs vs CO analysis and of the model results, we suggest that the 22 use of a meteorological parameter (such as pressure) could allow a better discrimination of the air 23 masses origin and a more selective method for the selection of BB plumes. Atmos. Chem. Phys., 11, 11103-11130, 2011. 2 Hudman, R.C., Jacob, D.J., Turquety, S., Leibensperger, E.M., Murray, L.T., Wu, S., Gilliland, A., 3 Avery, M., Bertram, T., Brune, W., Cohen, R., Dibb, J., Flocke, F., Firied, A., Holloway, J.,
